Mutations in the gene for fibrillin-1 cause Marfan syndrome (MFS), a common hereditary disorder of connective tissue. Recent findings suggest that proteolysis, increased matrix metalloproteinase activity, and fragmentation of fibrillin-rich microfibrils in tissues of persons with MFS contribute to the complex pathogenesis of this disorder. In this study we show that a fibrillin-1 fragment containing a EGFEPG sequence that conforms to a putative GxxPG elastin-binding protein (EBP) consensus sequence upregulates the expression and production of matrix metalloproteinase (MMP)-1 by up to ninefold in a cell culture system. A mutation of the GxxPG consensus sequence site abrogated the effects. This is the first demonstration of such an effect for ligands other than elastin fragments. Molecular dynamics analysis of oligopeptides with the wildtype and mutant sequence support our biochemical results by predicting significant alterations of structural characteristics such as the potential for forming a type VIII β-turn that are thought to be important for binding to the EBP. These results suggest that fibrillin-1 fragments may regulate MMP-1 expression, and that the dysregulation of MMPs related to fragmentation of fibrillin might contribute to the development of MFS. Our Gene Ontology (GO) analysis of the human proteome shows that proteins with multiple GxxPG motifs are highly enriched for GO terms related to the extracellular matrix. Matrix proteins with multiple GxxPG sites include fibrillin-1, -2, and -3, elastin, fibronectin, laminin, and several tenascins and collagens. Some of these proteins have been associated with disorders involving alterations in MMP regulation, and the results of the present study suggest a potential mechanism for these observations.
Introduction
The Marfan syndrome (MFS) is a relatively common hereditary disorder of connective tissue with prominent manifestations in the cardiovascular, ocular, and skeletal systems [1, 2] .
The major cause of death in untreated persons with MFS is aortic dissection, which generally occurs following gradual dilatation of the aortic root over a period of many years. Mutations in the gene for fibrillin-1, FBN1, were shown to be the cause of MFS in 1991 [3] . However, the pathogenetic mechanisms leading from a FBN1 mutation to clinical disease have not been completely elucidated. Several mechanisms have been proposed, ranging from a dominant negative effect of mutant monomers on the highly polymeric fibrillin-rich microfibrils [4] , disturbances of tissue homeostasis [5, 6] , and alterations www.elsevier.com/locate/yjmcc Journal of Molecular and Cellular Cardiology 40 (2006) [234] [235] [236] [237] [238] [239] [240] [241] [242] [243] [244] [245] [246] in TGFβ signaling [7, 8] . We and others have shown that FBN1 mutations identified in MFS patients can destabilize recombinant fibrillin-1 fragments with respect to proteolysis in vitro [9] [10] [11] [12] [13] [14] [15] . In light of these results together with observations of fibrillin fragmentation in tissues of persons with MFS [16] , and reports of increased levels of matrix metalloproteinases in tissues of persons with MFS [17, 18] , it is plausible that proteolytic degradation of microfibrils containing mutated fibrillin-1 monomers may be one component of the pathogenesis of MFS.
Extracellular matrix (ECM) proteins often have several functional roles in addition to being structure proteins. In particular, many ECM proteins can couple to cell membrane receptors and thereby trigger intracellular signaling mechanisms. The integrin family is the best-known class of cell surface molecules that mediate such signals [19] . In the present work, we have concentrated on the elastin-laminin binding protein (EBP), which is one of three protein subunits making up the elastin-laminin receptor (ELR) [20] . The EBP is a 67-kDa, enzymatically inactive alternative splice variant of β-galactosidase [21] . The EBP binds to tropoelastin intracellularly, blocking exposed hydrophobic VGVAPG-like domains 2 and thereby acting as a molecular chaperone by preventing premature selfaggregation and resultant proteolytic degradation of the highly hydrophobic tropoelastin monomers during transit through the secretory pathway [22] . The EBP-tropoelastin complex reaches the cell surface where tropoelastin is released from the EBP after the latter is engaged by galactosugars protruding from microfibrillar glycoproteins associated with the elastic-fiber scaffold [20, 23] . EBP can act as a shuttle protein and is recycled intracellularly by endocytosis [24] .
In addition to these functions, the EBP has been implicated in signaling processes mediated by EBP-binding of elastin's VGVAPG motif and related GxxPG motifs (where x is any amino acid). For instance, the ELR can function as a mechanotransducer in vascular smooth muscle [25, 26] . EBP-transduced signals can cause proliferation of arterial smooth muscle cells [27] . VGVAPG and related hexapeptides in tropoelastin act as chemoattractants for neutrophils [28] [29] [30] . Finally, elastin-derived fragments and VGVAPG are able to upregulate MMP-2, MT1-MMP, and TIMP-2 production in HT-1080 cells [31] , and xGxxPG hexapeptides including VGVAPG can upregulate MMP-1 and MMP-3 in dermal fibroblasts [32] .
In the present study, we present evidence that a fibrillin-1 fragment containing a putative GxxPG EBP recognition sequence increases MMP-1 expression. Together with our recent finding that fibrillin-1 RGD-containing fragments can increase MMP-1 and MMP-3 production [33] , our present findings add fibrillin-1 to a growing list of matrix proteins with multiple motifs that are capable of "out-to-in" signaling to the cell, such as elastin, laminin, and fibronectin. They provide a plausible contributory mechanism for microfibrillar fragmentation and increased MMP concentrations in tissues of Marfan patients. Our Gene-Ontology analysis identified multiple GxxPG motifs in numerous other ECM proteins and suggests a testable hypothesis for previously published observations of increased MMP activity in a number of disorders involving these proteins.
Material and methods

Fibrillin-1 constructs and in vitro mutagenesis
A recombinant construct, rFib47
wt , was generated to correspond to amino acids I
1929 to E 2205 (nt 5785-6615, encoded by FBN1 exons [47] [48] [49] [50] [51] [52] [53] . This region encompasses cbEGF-like motifs 29, 30, 31, TGFβ1bp-like (8-cys) motif 6, followed by cbEGF-like motifs 32 and 33. rFib47 wt contains a putative EBP recognition motif EGFEPG at amino acids 2194-2199 (Fig. 1) . Wild-type FBN1 cDNA fragments were generated by reverse transcriptase-polymerase chain reaction (PCR) with primers designed such that the fragments contained a unique 5′ SfiI site and a unique 3′ ApaI site. The primers for rFib47 wt were gtatggcccagccggccATAGATGTTGATGAATGTG and gtatgggcccTTCACATGTCATCATTGG (the FBN1-specific sequence is capitalized). RT-PCR and cloning into pSecTag2A were performed as previously described in [33] .
In vitro mutagenesis was performed using the GeneTailor Site-Directed Mutagenesis system (Invitrogen Life Technologies) according to the manufacturer's instructions using the forward primer CCTGCGAGGAGGGATTTGAGTCCGGTC CAATG (pos. 6572-6603), and the reverse primer CTCAAATCCCTCCTCGCAGGTGCATTCAAA (pos. 6562-6591, rc). The forward (mutagenic) primer has a "T" instead of a "C" at position 6592, which changes the conserved proline residue at position 2198 to a serine residue (EGFEPG → EG-FESG), thereby abolishing the EBP consensus sequence. The recombinant polypeptides rFib47 wt and rFib47 mt were produced as previously described in [9] . 
Synthetic peptides, antibodies, and reagents
Synthetic hexapeptides corresponding to the EBP binding motif of tropoelastin (VGVAPG) as well as two putative EBP binding sites in fibrillin-1, EGFEPG (positions 2194-2199) and PGFPPG (422-427), were obtained from Ansynth Service (Roosendaal, The Netherlands). Anti-MMP-1 antibody (clone41-1E5) was obtained from Oncogene Research Products. This antibody recognizes both latent and active forms of MMP-1 [34] .
Primary cell culture and treatment of cells
Primary human skin fibroblast were cultivated from explants of human skin biopsies in Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum and in the presence of 5% CO 2 at 37°C. Cells at passage 5-10 were used for subsequent experiments. Stimulation of cells with recombinant fibrillin-1 fragments and harvesting of cell culture medium and cellular fraction for RNA extraction were done as previously described in [33] .
Quantitative reverse transcriptase PCR
Total RNA isolated from fibroblasts was reverse transcribed using Superscript II with standard protocols (Invitrogen Life Technologies). For MMP-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the following primer sequences were designed using the Primer Express software (Applied Biosystems): MMP-1f (TTACACGCCAGATTTGCCAAG), MMP-1r (GTTGTCCCGATGATCTCCCCT), GAPDHf (GAAGGTGAAGGTCGGAGTC) and GAPDHr (GAA GATGGTGATGGGATTTC).
The reaction and measurements were performed in real time with the GeneAmp5700 Sequence Detection system (Applied Biosystems) using the SYBR-Green Core Reagent Kit (Applied Biosystems) with the PCR thermoprofile 50°C for 2 min, 95°C for 10 min, then 40 cycles of 95°C for 15 s followed by 1 min at 60°C. For each sample, six or more reactions were analyzed in parallel. To avoid contamination, the AmpErase UNG reaction was included (while using nucleotides with dUTP). The specificity of the reaction was evaluated by performing a melting reaction (GenAmp5700). The target gene expression was normalized to the expression of GAPDH using the standard-curve method.
Western blot analysis
Typically, the cell culture medium of six parallel samples was harvested following 48 hours incubation. The conditioned medium from each well was combined with 5 × SDS-PAGE sample buffer and 80 μl was subjected to gel electrophoresis using a Hoefer SE 600 apparatus (Amersham) followed by semi-dry Western blotting. Following incubation with primary anti-MMP-1 antibody at a final concentration of 1 μg ml -1 overnight at 4°C, blots were incubated with the secondary antibody (alkaline phosphatase-conjugated anti mouse-IgG antibodies) for 2 h at room temperature (1 mg ml -1 at a dilution of 1:3000), and developed using the ECF Western blotting kit according to the manufacturer's instructions (Amersham). Imaging of the blots was performed by scanning densitometry with a FluorImager SI Densitometer (Amersham). Background-corrected quantification was performed with ImageQuant software (Amersham).
Statistical evaluation
Experiments were repeated six times. The data are shown as mean ± S.E.M. Differences between control means and treated groups were assessed using an unpaired one-sided Student's t-test.
Molecular dynamics simulations
For EGFEPG and EGFESG peptides, two different starting structures were used for performing molecular dynamics. The first starting structure ("T1") was a fully extended model with dihedral angle values φ, ψ and ω = 180°, except for the proline for which φ = -76.1°and ψ = 180°. The second starting structure ("T2") was built by homology modeling using the NMR structure of the 32nd and 33rd calcium-binding epidermal-growth factor (cbEGF) like module of fibrillin-1 (PDB code: 1emn) [35] , which contains the EGFEPG motif. All heavy atoms and the hydrogen atoms bound to nitrogen or oxygen atoms were explicitly considered. Charged N-terminus and C-terminus were used. An implicit solvent model based on the solvent accessible surface area [36, 37] , combined with CHARMM force field [38] was employed using the parameter set PARAM19. The simulations were done with the CHARMM program version c27b3. Shift functions were used for both electrostatic and van der Waals terms, without cutoff. All simulations were performed with an integration time step of 1 fs. The starting structure was energy minimized using consecutively 500 steps of steepest descent and gradient conjugate algorithms. A heating stage of 50 ps and an equilibration stage of 80 ps were used. During the 45 ns production phase, the 300 K temperature was kept constant by weak coupling to external bath [39] with a coupling constant of 5 ps. Numerical calculations were carried on our own cluster of 10 PCs, Athlon biprocessors (16 × 1.8 GHz + 4 × 2.8 GHz, eight nodes) under Linux.
The molecular dynamics trajectories were analyzed in terms of secondary structures (β-turn, helix,...) as previously described in [40] . The free energy of the type VIII β-turn was calculated for each trajectory using the Gibbs formula:
Detection and classification of β-turn in PDB entries
A Java program ("BetaTurn") was written to extract information from PDB files with which to detect and classify β-turns. A β-turn is a type of reverse turn in the protein backbone that allows a significant change in the direction of the polypeptide chain. The basic definition of a β-turn states that the distance between C α (i) and C α (i + 3) is ≤ 7 Å and that the central residues are not helical according to the secondary structure assignments in PDB.
Eight conventional β-turn types (I, I′, II, II′, VIa, VIb, VIII, and "other") are defined according to ψ and φ limits for residues i + 1 and i + 2, whereby a turn is assigned to a given class if all four angles lie within 30°of the ideal angles [41] . A substantial proportion of β-turns cannot be classified by this scheme; however, since most unclassified turns represent distortions of the classic β-turn types, allowing one of the angles to deviate by as much as 45°greatly increases the number of turns that can be classified [42] . This is the nomenclature used in the present work. Type VIII turns are defined according to the ideal angles
The program BetaTurn analyses protein structures from PDB files or clean coordinate files (CCF) produced by the EM-BOSS program pdbparse [43] . BetaTurn uses routines from STRAP [44] for PDB or CCF parsing and organizing protein structure data. Routines for calculating and angles were adapted from the EMBOSS program psiphi [43] .
BetaTurn was used to analyze a comprehensive list of 7795 nonredundant protein chains with at most 90% sequence identity from PDB (cullpdb_pc90_res3.0_R1.0_d050129_chains7795) obtained from PISCES [45] . We removed all chains for which consistent parsing of the PDB file was not possible, leaving 7044 chains. This dataset is termed N-7044. Information was collected for all tetrapeptides in these chains and results were entered into a MySQL database for further analysis. Results were summarized for all possible combinations of AxxB, where A and B refer to a specific amino acid residue and x means any amino acid residue. The average proportion of tetrapeptides in each class fulfilling the definition of a β-turn and of a type VIII β-turn were recorded and a χ 2 statistic was calculated with expected frequencies defined as the corresponding frequencies over all tetrapeptides.
The distribution of β-turns and GxxP β-turns was also analyzed in a second dataset with 1332 protein chains with at most 25% sequence identity according to the methods described in [46] . This dataset is termed N-1332.
Ramachandran plots
The Ramachandran plot displays the ψ and φ backbone conformational angles for each residue in a protein. The core or allowed regions are the areas in the plot that show the preferred regions for ψ/φ angle pairs for residues in a protein. Presumably, if the determination of protein structure is reliable, most pairs will be in the favored regions of the plot and only a few will be in "disallowed" regions [47] . A Ramachandran plot was used to display the distribution of and angle pairs for β-turns conforming to the consensus sequence "GxxP" that is part of the putative EBP consensus sequence GxxPG. A Java program was developed that creates a Ramachandran plot from an arbitrary list of ψ and φ angle pairs and displays them together with the preferred regions [47, 48] as well as the regions for the different types of β-turn.
Gene Ontology analysis of a comprehensive nonredundant protein set for proteins containing the GxxPG consensus sequence
A comprehensive set of FASTA sequences representing the human proteome was obtained from NCBI's genome resource [49] . Perl scripts were developed to identify sequences with and without GxxPG subsequences, and the NCBI RefSeq accession numbers were mapped to UniProt identifiers [50] , in order to use the Gene Ontology (GO) annotations from the GOA database [51] . A total of 26,875 proteins were identified, and GO annotations were found for 15,283 of them.
Fibrillin-1 has three occurrences of GxxPG, and by inspection, several well-known matrix proteins such as elastin and fibronectin were found to multiple copies of GxxPG sequences. Therefore, statistical analysis for overrepresentation of GO terms among proteins with at least three occurrences of GxxPG was performed according to the hypergeometric distribution [52] using version 2.0 of the Ontologizer [53] . A Bonferroni correction for multiple testing was performed by setting the significance threshold to 0.05 divided by the number of tests performed (4016 individual GO terms with more than one annotated protein in the population dataset were tested), corresponding to 1.25 × 10 −5 .
Source code
The source code for BetaTurn, Ramachandran, and version 2.0 of the Ontologizer is available under the GNU Public License from http://www.charite.de/ch/medgen/ontologizer, http://www.charite.de/ch/medgen/compgen/ramachandran, and http://www.charite.de/ch/medgen/compgen/betaturn or upon request to the authors.
Results
A fibrillin-1 fragment containing the EBP consensus sequence GxxPG upregulates MMP-1 expression and production
In this work we investigated the influence of a recombinant fibrillin-1 fragment containing a putative EBP binding site on the expression and production of MMP-1. Semiconfluent dermal fibroblasts from normal controls were incubated with 0, 0.1, and 0.2 μM recombinant rFib47 wt , which contains the amino acid sequence EGFEPG that conforms to the GxxPG consensus sequence for binding to the EBP [32] . After 48 h incubation, total RNA was isolated for RT-PCR and medium was isolated for determination of MMP-1 production. Quantitative RT-PCR showed a dose-dependent increase of MMP-1 expression as compared to that of GAPDH by a factor of up to 9.4 ( Fig. 2A, left panel) . We investigated conditioned cell culture medium by anti-MMP-1 Western blotting, demonstrating a dose-dependent increase in MMP-1 production by a factor of up to 7.0 ( Fig. 2A, right panel) . In separate experiments, we investigated the effect of synthetic hexapeptides corresponding to two putative EBP binding sites of fibrillin and the motif VGVAPG from tropoelastin; there was a clear increase in MMP-1 production following stimulation with each of the hexapeptides (Fig. 2B ).
A mutation in the GxxPG site abrogates the effect of stimulation on MMP-1 expression and significantly reduces MMP-1 production
In order to demonstrate specificity of the stimulatory effect for an interaction with the EBP, we used in vitro mutagenesis to alter the EBP consensus sequence of fibrillin from GFEPG to GFESG. A recombinant construct was constructed to be identical to rFib47 wt but to harbor this mutation (rFib47 mt ). Stimulation with 0.1 μM mutant construct was performed analogously to the above experiments. The mutated construct abolished the stimulatory effect on MMP-1 expression, and significantly reduced MMP-1 production (Fig. 2C ).
Molecular dynamics of the EGFEPG and EGFESG Peptides
The hexapeptide Val-Gly-Val-Ala-Pro-Gly (VGVAPG) occurs multiply in elastin and is known for its chemotactic activity and ability to upregulate MMPs. Theoretical and experimental results concerning VGVPAG and related xGxxPG peptides suggested that these peptides contain a type VIII β-turn spanning the GxxP sequence [32, 40, 54, 55] . No protein structure data are available for the entire tropoelastin molecule, and it is uncertain what the conformation of the VGVAPG sequences is in native elastin. We therefore performed molecular dynamics analysis of the biologically active EGFEPG and the inactive mutant peptide EGFESG to form hypotheses about potential structural correlates of our experimental observations. Two starting structures for the molecular dynamics trajectories were used, "extended" (T1) and "homology" (T2) models (see Section 2). Table 1 shows the calculated global percentages for each type of β-turn defined for the three xGxx, Gxxx and xxxG sequences of EGFEPG (A) and EGFESG (B). The distribution along T1 and T2 of the different β-turn types are shown in Fig. 3A for EGFEPG and Fig. 3B for EGFESG.
Interestingly, the EGFEPG peptide structure is composed almost exclusively by two consecutive β-turns: a type II′ on EGFE (T1: 73.8% and T2: 78.5%) and a type VIII on GFEP (T1: 35.1% and T2: 38.8%). According to the dihedral-angle values of the type II′ and VIII, these two β-turns can be present among five consecutive residues [46, 56] . The type II′ β-turn on EGFE is stabilized by a hydrogen bond between the CO E1 and the NH E4 with an occurrence of 44.2% for T1 and 32.4% for T2. No β-turn is observed on FEPG.
The EGFESG peptide shows a quite different dynamic behavior. The type II′ β-turn is still the major one on the EGFE sequence (T1: 64.7% and T2: 45.7%) and is also stabilized by a hydrogen bond between the CO E1 and the NH E4 (H-bond rate of presence: 27.9% for T1 and 34.1% for T2). But, the conformation of GFES can adopt two types of β-turn: a type I (T1: 25.8% and T2: 19.4%) or a type VIII (T1: 22.7% and T2: 15.3%). Surprisingly, no hydrogen bond stabilizes these β-turns. The FESG sequence folds also in β-turn (T1: 30.5% and T2: 35.3%), the highest percentage corresponds to the type I with 20.8% for T1 and 23.3% for T2. In this peptide, in contrast to the EGFEPG peptide, α-helix (T1: 2.2% and T2: 1.9%) and 3 10 helix (T1: 3.9% and T2: 3.4%) are also detected. Fig. 4 displays some typical conformations of the wild-type and mutant peptides.
The free energy, ΔG, of the type VIII β-turn is plotted versus time for the four trajectories in Fig. 5 . The ΔG convergence, obtained after 30 ns, indicates that one reaches a conformational equilibrium between non-type VIII β-turn and type VIII β-turn. The mean ΔG convergence values for the four trajectories are reported in Table 2 .
It is also possible to predict the main secondary structural states for the residues in both hexapeptides. The major differences are seen in the C-terminal region (EPG vs. ESG). The final predicted assignments are (where α refers to an α-helix, I, II′, and VIII refer to β-turn types, and c refers to random, unordered coil):
Final predicted assignments Native peptide
Notably, the mutant peptide does not contain any predicted type VIII β-turn.
Structural analysis of GxxPG sequences in the protein database (PDB)
These observations prompted us to investigate whether or not GxxP sequences within protein structures deposited in the PDB have a propensity to form β-turns and if so, what type of β-turn is the most common in such sequences. We therefore collected data from a set of 7044 nonredundant protein chains from the PDB, and analyzed the distribution of turns for all possible tetrapeptides. To perform a statistical test for overrepresentation of β-turns in GxxP peptides, we compared all possible AxxB peptides, where A and B are fixed to one given amino acid residue at a time and x means any amino acid. Table 1 Global percentages of the β-turns observed for the peptides EGFEPG (A) and EGFESG (B). T1 and T2 correspond to the molecular dynamics starting with a fully extended model or with the homology model, respectively A comprehensive nonredundant set of 7044 protein chains with structures deposited in the PDB with maximally 90% sequence identity was analyzed in order to characterize the distribution of β-turns among all possible tetrapeptides contained in the chains. Sequence and structural information could be extracted for a total of 1,795,010 residues corresponding to 1,686,526 tetrapeptides. 7.8% of all tetrapeptides fulfilled the criteria for a β-turn, corresponding to 23% of all residues being located within β-turn. 35.6% of the β-turns were type I, 10.5% were type II, 10.4% were type VIII, and the remaining turns were distributed over the other types (Table 3) . Individual tetrapeptides were grouped together according to AxxB consensus sequences, where A and B represent specific amino acids and x is any amino acid. There are thus 20 × 20 possible AxxB motifs. Statistical analysis for overrepresentation of particular β-turn types among the AxxB motifs was performed using a χ 2 statistic, whereby the expected frequency of a turn type was taken to be its frequency over the entire dataset. A total of 6357 GxxP tetrapeptides were identified in the dataset, of which 435 (6.84%) were β-turn. Among the GxxP tetrapeptides identified as β-turns, 43.2% fulfilled the definition of a type VIII β-turn, compared to an overall level of 10.4% (χ 2 df = 2 = 506, P << 0.001). An additional 225 tetrapeptides conformed to the ψ-and φ-dihedral angle criteria for a β-turn but have C (i) -C (i + 3) distances in the range 7-7.5 Å. Additionally, 97 of the 236 β-turns of type "other" were close to being type VIII turns (at least two of the angles were within 30°and an additional angle within 45°of the ideal angles for type VIII).
On the other hand, GxxP was significantly less likely than expected by chance to form a type I β-turn: only 1.6% of GxxP β-turns were type I compared to 35.6% overall (χ 2 df = 2 = 219, P << 0.001). Table 3 shows the distribution of β-turn types in the N-7044 dataset as well as in the N-1332 dataset. Fig. 6 shows Ramachandran plots [47] for all GxxP β-turns in the N-7044 dataset.
Therefore, the motif GxxP is most often found in a non-β-turn conformation, but when it does take on a β-turn conformation it is mainly in the canonical type VIII conformation or close to it. This tendency is highly statistically significant. Factors such as the neighboring residues and structures and the nature of the middle two residues may also play a role in deciding whether a given GxxP sequence takes on a β-turn conformation.
GO analysis of proteins containing multiple GxxPG sequences
A comprehensive set of 26,835 proteins from the human proteome was analyzed for the presence of GxxPG subsequences. Gene-Ontology analysis was performed to search for overrepre- sented GO terms [52, 53, 57] . There was a remarkable overrepresentation of the terms ECM (sensu Metazoa), ECM, and ECM structural constituent, together with the term binding (Table 4) proteins with three or more occurrences of the GxxPG consensus sequence. These results provide indirect but strong evidence of a potential biologically significant role of at least some GxxPG sequences in proteins in the ECM.
Discussion
The molecular pathogenesis of MFS remains elusive despite over a decade of research following the initial discovery of mutations in the FBN1 gene in 1991. Initially, it was hypothesized that mutations in fibrillin would result in a structural weakness in the fibrillin-rich microfibrils according to a dominant negative paradigm [58] . More recently, it has been shown that fibrillin-1 mutations can have other secondary effects above and beyond effects on the structural integrity of tissue. For instance, altered TGFβ activity was demonstrated to be associated with developmental abnormalities in the lung in a Marfan mouse model [7] . Recently, our laboratory has shown that fibrillin-1 fragments containing an RGD integrin binding motif upregulate expression and production of MMP-1 and MMP-3 in a cell culture system [33] . This suggested the possibility that altered matrix properties including fragmentation of tissue could be a cause of the increased MMP concentrations seen in a mouse model of MFS [5] as well as a small number of clinical studies [17, 18] . In this study, we show that a GxxPG-containing fragment is able to increase MMP-1 expression and production in a cell culture system.
Elastin-binding protein, VGVAPG and similar elastin-derived peptides, and the proposed GxxPG consensus sequence for EBP activity
The VGVAPG cell recognition domain(s) are accessible on the surface of growing elastic fibers [59] . In mature fibers, however, these hydrophobic sequences probably remain masked. However, after tissue injury and release of potent elastolytic enzymes by leukocytes, these domains could be unmasked or cleaved off the elastin polymer so that they could bind to the EBP of the adjacent cells [32] .
Some elastin-derived peptides (EDPs) other than VGVAPG have also been shown to have biological effects related to EBP binding, including PGAIPG [30] and GVLPG and GVAPG [60] . A laminin-derived hexapeptide sequence, LGTIPG, has chemotactic effects comparable to those of VGVAPG [61] . Furthermore, evidence was presented from experiments on synthetic oligopeptides that GxxPG represents the core recognition sequence for the EBP [32] . Each of the three fibrillins contain multiple sequences conforming to the GxxPG that thus represent candidates for EBP interaction motifs.
In the present study, we have shown that one of these motifs, located in the 33rd cbEGF module of fibrillin-1, possesses stimulatory properties. An increase in MMP-1 production and expression by a factor of up to seven was demonstrated by quantitative RT-PCR and Western analysis. We demonstrated specificity by mutating one of the residues of the EBP consensus sequence (i.e. xGxxPG → xGxxSG). We note that the mu- tation xGxxPG → xGxxSG was designed to alter the putative EBP consensus sequence and is not a mutation associated with MFS. This mutation abolished the stimulatory activity of the fragment as measured by RT-PCR and significantly reduced the production of MMP-1 as measured by Western blotting.
To the best of our knowledge, no previously published experiments have directly shown a role for GxxPG sequences in larger polypeptides other than elastin. Our findings provide evidence that distinct motifs in fibrillin-1 are capable of triggering increases in MMP expression and production, and suggest a plausible molecular explanation for the fragmentation of tissue and upregulation on MMPs observed in clinical studies and animal models [5, [16] [17] [18] . Our results provide the basis for a testable hypothesis that mutations in fibrillin-1 may be associated with deleterious secondary effects that go beyond a mere structural weakness. This would have direct relevance for the development of novel therapeutic strategies for MFS. In addition to an influence on MMP activity, another important effect of increased levels of proteases might be the release of matrix-bound growth factors [62] and the cleavage and activation of growth factors such as TGF-β [63] .
A number of ECM proteins are known to have multiple binding motifs that can trigger signals to the cells causing a variety of responses such as increased production of MMPs or chemotaxis. For instance, distinct fibronectin fragments can increase MMP expression by binding interactions including but not limited to RGD-mediated interaction with integrins (reviewed in [64] ). Distinct laminin fragments can increase MMP expression by syndecan binding [65] as well as by integrin binding [66] . There is evidence for both fibronectin and laminin that protein fragments may acquire novel signaling capabilities that the corresponding intact proteins do not possess [64, 67] . It appears plausible that fragments of matrix proteins with MMP-stimulatory activity could trigger a sort of vicious cycle leading to increased MMP concentrations with increased matrix fragmentation [9, 64] . In light of evidence that TGF-β can itself increase MMP activity in some circumstances (see, for instance, [68] ), it is plausible that increased proteasemediated TGF-β release could represent an additional contributory factor to the vicious cycle.
Molecular dynamics analysis supports a structural distortion due to the GxxPG → GxxSG mutation
We used a molecular dynamics approach to search for potential molecular reasons for the lack of biological activity of the EGFESG mutant. Our analysis showed significant differences between the two peptides. The observation that GxxP tetrapeptides tend to form β-turns has been pointed out in several publications [40, 46, 54, 55] . The type VIII β-turn is the favored conformation for the GxxP motif. The presence of a type VIII β-turn appears to predict EDP biological activity through EBP binding [40] . Our analysis shows that the EGFEPG peptide folds only into type II′ β-turn on EGFE and into type VIII β-turn on GFEP (Fig. 3A) .
The EGFESG peptide folds also into type II′ β-turn in the EGFE sequence. In contrast to the EGFEPG peptide, the GFES motif adopts two folded conformations: type I (Fig. 3B) and type VIII β-turn. The only difference between type I and VIII β-turns is the range for the dihedral angles of the second central residue (here the E residue) φ = -90°and ψ = 0°for type I and φ = -120°and ψ = 120°(the so-called β-sheet zone) for type VIII. It is well known that the steric constraints of the proline residue constrain the dihedral angle values of the preceding residue to be close to the β-sheet zone [69] . The lack of such a proline residue in the mutant hexapeptide relaxes the steric constraints on the preceding residue. The GFES conformation is thus not restrained to only one folded conformation.
Moreover, in contrast to the FEPG sequence, which does not adopt a β-turn conformation, the FESG motif folds mainly into a type I β-turn. The direct consequence is a salt bond formation between the N and C termini (Fig. 4B) . In a previous study, it was demonstrated that without a glycine residue located after the GxxP motif, an EDP has no biological activity [32] . So, the G 6 residue has no structural importance for the EDPs but is required for EBP binding [40] . In the EGFESG peptide, the G 6 residue seems thus to be unable to interact with the EBP. The difference in the free energy of the type VIII β-turn folding between EGFEPG and EGFESG peptide is relatively significant (T1: 1.5 kJ mol −1 and T2: 3.1 kJ mol −1 ), and given that the mean difference of the percentages of type VIII β-turn between the two peptides is only around 18%, the proportion of type VIII β-turn does not seem to be the only explanation of the differences in the biological activity of the two constructs.
The difference in biochemical activity between the EG-FEPG and EGFESG peptides can be explained by two complementary hypotheses. First, the EGFESG peptide folds into several different conformations whereas the EGFEPG folds into a single structure. The probability that the mutant EGFESG peptide will adopt a suitable conformation for binding to the EBP is thus predicted to be drastically decreased.
The second hypothesis involves the role of the G 6 residue. In the EGFEPG peptide, no β-turn or salt bond involving the G 6 residue can be observed, meaning that this residue is free to interact with the EBP. On the other hand, in the EGFESG peptide, the G 6 residue is blocked by a salt bridge and thus will not be able to interact with the EBP.
Analysis of GxxP structures in PDB
The PDB offers a resource of solved protein structures that can be used to search for general principles of protein structure. In this work, we have developed a Java program to search a comprehensive and nonredundant set of 7044 protein chains with maximally 90% sequence identity for the distribution of β-turn types across all GxxP β-turns in those chains and showed a high significant tendency for GxxP β-turns to adopt a type VIII conformation. We interpret this result as well as the results of the molecular dynamics analysis showing that the EGFEPG → EGFESG mutation significantly alters the pre-dicted structural behavior of the hexapeptide as providing strong but indirect support for the notion that the EGFEPG sequence of fibrillin is biologically active due to an ability to interact with EBP. Nonetheless, several uncertainties remain.
Protein structures are not available for many matrix proteins, and only partial structures have been solved for fibrillin-1. One NMR spectroscopy-derived structure (PDB code 1emn) is available that encompasses the EGFEPG sequence in the 33rd cbEGF module [35] that is contained in rFib47 wt . In this structure, the EGFEPG sequence is located at a surface of the second cbEGF module. The structure of this sequence does not fulfill the criteria for a β-turn, since the distance between the C α (i) and C α (i + 3) is 9.7 Å. The EGFEPG sequence is not part of a specific secondary structure motif such as a helix or a sheet in 1emn, but is essentially part of a loop. Given that the EGFEPG sequence is at the extreme C-terminal end of the structure, it is uncertain if the structure of the EGFEPG sequence is identical in the intact native fibrillin-1 molecule.
A degree of flexibility has been shown for a number of proteins including elastin [70] , in which methods such as circular dichroism, NMR spectroscopy, molecular dynamics simulations have been used to show that a polypeptide chain from one of the exons coding the hydrophobic sequences can oscillate between rather extended conformations, such as polyproline II structure, and folded ones, such as β-turn [71] . Although the present experiments were not designed to address this question, we speculate that the EGFEPG sequence in the fibrillin-1 fragment we investigated may display conformational flexibility, taking on a β-turn conformation upon binding to the EBP. The EGFEPG sequence is located near to the C-terminus of the recombinant polypeptide we investigated. It is possible that the corresponding sequence is either not accessible or is less flexible in intact microfibrils. Thus, fragmentation of fibrillin and fibrillin-rich microfibrils could lead to the exposure of motifs and to changes in cellular behavior owing to signaling through integrins and the EBP and perhaps other pathways.
GO analysis shows overrepresentation of ECM proteins among proteins with multiple GxxPG sites
We performed computational analysis on comprehensive sets of protein structure and sequence data to further investigate the biological relevance of GxxPG sequences in matrix proteins. GO analysis demonstrated a highly statistically significant overrepresentation of annotations to terms related to the ECM among proteins with three or more GxxPG sequences (Table 4) . Table 5 gives an overview of proteins with three or more GxxPG occurrences that are annotated to ECM or ECM structural constituent. Many of the proteins listed in Table  have been associated with disorders characterized by increased MMP concentration. To the best of our knowledge, the role of EBP and EBP motifs has not been investigated for any of the proteins except elastin and fibrillin-1 (present work).
Although a role of EBP-mediated signaling for matrix proteins other than elastin and fibrillin is purely speculative, we suggest that EBP may plausibly be involved in the pathogenesis of at least some of these disorders and that research in this direction may be fruitful. For instance, Tenascin-C can increase MMP-9 expression in cell-culture [72] , upregulate MMP-9 in breast-cancer cells [73] , and is associated with increased MMP-2 in calcified aortic stenosis [74] . Increased MMP concentrations have been identified in several disorders associated with the collagens with multiple GxxPG sites, such as collagen VIIα1. Several types of epidermolysis bullosa are associated with collagen VIIα1 mutations. One form, severe recessive dystrophic epidermolysis bullosa, is associated with increased MMP-3 levels [75] . Since type VIIα1 collagen is susceptible to digestion with MMP-3, a vicious cycle similar to that proposed for fibronectin fragments [64] and fibrillin-1 fragments [9] appears possible. Aggrecan is a proteoglycan that is prominent in cartilage, and experimental [76] and clinical [77] studies have shown that levels of aggrecan in joint fluid increase in response to injury or in conditions such as rheumatoid arthritis. Since these conditions are characterized by increased levels of MMPs and other manifestations such as influx of polymorphonuclear leukocytes that could plausibly be related to signaling through the ELR, it is conceivable that aggrecan fragments bearing GxxPG sites might contribute to the pathophysiology of these disorders.
Conclusion
In summary, the present study has demonstrated that a polypeptide fragment of fibrillin-1 containing a GxxPG site increases MMP-1 expression and production in cell culture. Together with the integrin binding RGD site of fibrillin-1 [33] , this is the second motif in fibrillin-1 that is capable of influencing MMP expression, placing fibrillin in a growing list of ECM proteins with multiple signaling interactions, including fibronectin and laminin. VGVAPG and related GxxPG peptides in elastin have been shown to have a variety of biological activities mediated by the ELR, including stimulation of MMP production and increased chemotaxis. To our knowledge, this is the first study to demonstrate biological activity for GxxPG site in a large polypeptide other than for elastin, and our results add further weight to the notion that the GxxPG core sequence is required for biological activity. GO analysis demonstrated a highly significant overrepresentation of annotations to ECM among proteins with three or more GxxPG sites. This result, together with an analysis of the literature, suggests GxxPG motifs may have a broader role in the physiology and pathophysiology of a subset of matrix proteins and provides a concrete hypothesis for future studies.
